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TECHNICAL NOTE 5461 


[toebulent-heat-transfer measurements at 

A MACH NtMBER OF 1.62 
By Maurice J. Brevoort and Bernard RasMs 


SUMMARY 


Turbulent-heat -transfer measurements vere obtained throiagh the use 
of an axially synmetric annular nozzle which consists of an inner, shaped 
center body and an outer cylindrical sleeve. Measurements taJsen along 
the outer sleeve gave essentially flat-plate results that are free from 
wall Interference and comer effects for a Mach number of 1.62 and for 

a Reynolds nimiber range of 7*22 x 10^ to 1.20 X 10®. The heat-transfer 
coefficients are in good agreement with theoretical results for a Mach 
number of 1.60 n-nd for a ratio of inner-surface to free-stream ten 5 >er- 
ature of 1.60. The temperature -recovery factors are on the average 
1.5 percent lower than the factors obtained for a Mach number of 2.4. 


INTRODUCTION 


The design of supersonic aircraft and missiles requires engineering 
information about heat-transfer coefficients and temperature -recovery 
factors for supersonic speeds that extend over a wide range of Reynolds 
numiber. In references 1 and 2, local tiirbilLent-heat-transfer measvirements 
were presented for Mach numbers of 3*05 and 2.06, respectively. 

The purpose of this investigation is to extend the work of refer- 
ences 1 and 2, with the same type of apparatus and method of reducing 
the data, to a Mach number of 1.62. The range of Remolds number for 

which measurements were obtained is from 7*22 x 10^ to 1.20 x 10®. The 
results cover a temperature difference of approximately 10° at 40 seconds 
after starting to approximately 1° at 200 seconds after starting. The 
average value of the ratio of inner-surface temperature to free-stream 
temperature 1 . 60 . 
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SYMBOLS 


epeclfic heat of sleeve material, Btu/lb-9R 
specific heat of air at constant pressure, Btu/lb-9R 

acceleration dtie to gravity, ft/sec^ 

heat-transfer coefficient, Btu/ft^-sec-°R 

heat conductivity, Btu/ft-sec-9R 

Mach number 

Nusselt number, hx/k 

Prandtl number, jiCpg^ 

Reynolds number, pVx/|j, 

Stanton number, Nu/R Pr H h/pVCpg 
average wall temperature, PR 

effective stream air tasperature at wall; seme temperature which 
gives thermal potential which is independent of heat-transfer 
coefficient h, PR 

stagnation teraperatinre , PR 

inside -surface temperature of nozzle sleeve, °R 

free-stream tenperature, PR 
time, sec 

free-stream velocity, ft/sec 

specific weight of sleeve material, Ib/sq ft 

longitudinal distance along sleeve, ft (\inless indicated 
obherwlse) 


recovery factor, 
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(i dynamic viscosity coefficient, Ib-sec/sq. ft 

p free -stream density of air, slugs /cu ft 


APPARATOS AND METHOD 


The apparatiis consisted of an axially symmetric a,nm 3 lar nozzle 
which was directly connected to the settling chamber of one of the cold- 
air blowdown jets of the Langley gas dynamics laboratory. The nozzle 
hpri a shaped wooden center body and two outer sleeves. One sleeve was 
constructed of 8 -inch-dlameter, extra heavy, seamless carbon-steel pipe, 
B.nd the other was constructed of l/l 6 -inch stainless steel which was 
rolled into a cylinder and weldedj both cylinders were surface -machined 
inside and outside to wall thicknesses of O .588 inch and O.O 60 inch, 
respectively. The coordinates of the inner body are given in table I. 

A detailed drawing of the apparatus is shown in figure 1 which 
gives the location of the thermocouples and static -pres sure orifices. 
Details of the thermocouples, the static-pressure -orifice installations, 
the temperature-recording equipment, and the precision of Instrumentation 
are given in references 1 and 2 . 

The Mach number distribution is shown in figure 2. The allnement 
of the flow was checked at several stations by means of orifices located 
around the sleeve. The location of these measurements is shown in 
figure 2. 

GJhe test procedure is given in references 1 and 2. For this inves- 
tigation test runs were made for settling -chaniber pressures of 0.4, 57^ 
and 196 Ib/sq. in. gage. The test at a pressure of 0.4 Ib/sq. in. gage 
was made with a sleeve O .060 inch thick, and the test setup was evacuated 
to an absolute pressxire of 1.0 inch of mercury. Excludisag the first 
20 seconds, the pressures were maintained constant for each test run. 

Thft stagnation temperature started at essentially room temperature and 
decreased as the piping was cooled, as Illustrated in figure 5 where 
stagnation temperature is plotted against time for a settli^ -c h a mb er 
pressure of I 96 Ib/sq. in. gage. QThe wall temperature also started at 
essentially room temperatTjre and tended to approach the equilibrium 
temperature which was approximately 22° R belcfw stagnation temperature. 
This variation is shown in figure 4 where wall temperature at stations 12 
and 18 is plotted against tin^ for a settling -chamber pressure of 
196 Ib/sq. in. gage. 

In figure 5 ar® plotted, for various times during the test run, the 
values of wall temperature against longitudinal distance along the 
cylinder. These values were used to determine the rate of change of 
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the longitudinal conduction k along the cylinder. lest results 

were taken only for the length of the cylinder for which k 
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dx^ 


= 0 . 


SEDUCTION OF DATA 


The method of reducing the data is completely described in refer- 
ences 1 and 2 . Briefly, the equations used are 
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h = wc 


^ - ®e 



( 1 ) 

( 2 ) 

( 5 ) 


The method consists simply of selecting a recovery factor and then 
obtaining Tg from equation (5) . This value of Tg is substituted into 

equation (2) and values of h for different heat -flow ratios are obtained. 
These values of h are then substituted into equation (l). The true 
values of Tg, and St are obtained when St is constant with time 

(for different heat-flow ratios) . Figure 6 shows the values used in 
determining the Stanton number and recovery factor at station 12 for a 
settling -chamber pressure of 196 Ib/sq in. gage. 

The values of specific heat and specific weight of the sleeve mate- 
rial were taken from reference 5 * ^Ehe values of Prandtl number (O.71) 
and viscosity of air were also taken frcm reference 5 aiid were based 
upon T^^. The value of T^ vised was the value measured 80 seconds 

after starting. 
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RESULTS AND DISCUSSION 


Over the test range (see fig. 5) ^ wall ten5>eratures are constant 
along X. In the relation 


h = wc 
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w and c are constant, and dl^y/dt Is constant because is con- 

stant. Therefore, if there is to be a variation of h with Reynolds 
»> number or x, Tg must vary with x. The value of Tg obtained for 

the test at a settling-chamber pressxire of I96 Ib/sq in. gage, evaluated 
80 seconds, after starting, actually decreases about 1°. 

Figure 7 shows the variation of local Nusselt number with local 
Reynolds number. The value of x used in evaluating these numbers has 
been adjusted for x = 0 locations (the effective beginning of the tur- 
bulent boundary layer) by the method of references 1 and 2. The x = 0 
locations are 4.0 and 1.0 inches downstream of the minimum station for 
settling-chamber pressures of 0.4 and 57 It/sq. in. gage, respectively, 
and at the TnlniniiiTn station for the settling-chamber pressure of 
196 Ib/sq in. gage. 

The Nusselt numbers were found to vary from 840 to 56,650 for the 
Reynolds number range of 7*22 x 105 to 1.20 x 10® (based on adjusted 
X = 0 locations.) For comparison the curve based upon the Van Driest 
analysis (ref. 4) is shown. For the Van Driest analysis, ^v/^oo 

considered to be I.60 (the average value of the test results presented 
herein) . 

The data were computed by using free-stream temperature to determine 
the density and velocity. The wall ten^ierature was tised to determine the 
viscosity and the Prandtl number. The agreement between the test resizlts 
and the theory is good. 


Figure 8 shows the variation of local temperatirre-recovery factor 
with local Reynolds mmiber. The variation is frcan O. 88 O at 7*22 x 105 
to 0.868 at 1.20 X 108 . The resiilts are compared with a curve which 
represents the fairing of the data of reference 5 for a Mach number 
of 2.4. The results obtained in this investigation are on the average 


1.5 percent lower than the data of reference 5* Also included for com- 
parison are the curves for the recovery factor equal to FrV5 and Pr^/^. 


The wall temperattire was used to determine the Prandtl number. 
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CONCnjDING KEMAEKS 


Tur'bulerrb -heat -transfer measurements that gave essentially flat- 
plate resTilts were obtained for a Mach number of 1.62 and for a Reynolds 
number range of J.22 X 105 to 1.20 x 10®. The Nusselt numbers agree with 
theoretical results. The temperature -recovery factors are on the aver- 
age 1.5 percent lower than other available data for a Mach number of 2,k. 


Langley Aeronautical Laboratory, 

National Advlsoiiy Committee for Aeronautics, 
Langley Field, Va., March 21, 1955 • 
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TABLE I.- CENTER-BODY COOEDHiATES 


X, in. 


Radius, in. 


2.000 


2.000 

2.020 

2.100 

2.500 

2.735 

2.970 

5.150 

3.300 

3.3^ 


3.375 

3 . 4 oo 


0 


.10 

.20 

.30 


3.425 

3.i^375 

5.4364 

5.it337 

3.4298 


X, in. 

Radius, in. 

o. 4 o 

3.4249 

.50 

3.4190 

.60 

3.4122 

.70 

3.4045 

.80 . 

3.3961 

.90 

3.5871 

1.00 

3.5776 

1.10 

5.3680 

1.20 

3.3584 

1.30 

3.3491 

i.4o 

3.3402 

1.50 

5.3317 

1.60 

3.3238 

1.70 

3.5167 

1.80 

5.3105 

1.90 

3.3047 

2.00 

3.2997 


X, in. 

Radius, in. 

2.10 

3.2955 

2.20 

3.2920 

2.50 

3.2891 

2.40 

3.2868 

2.50 

3.2851 

2.60 

3.2859 

2.70 

3.2831 

2.80 

3.2827 

2.90 

3.2825 

5.00 

5.2720 

10.00 

5.2470 

15.00 

5.2220 

20.00 

3.1970 

25.00 

3.1720 

30.00 

i 5.1470 

35.00 

i 3.1220 

38.625 

I 3.1059 







00 



Figure 1.- Test arrangemeirb . Dimensions are In. inches. 
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Mach number, 


Start of test section 




o Single orifice 
• Four orifices 
90® opart 


^ 6 8 10 12 14 16 (8 20 22 24 26 28 30 32 

Distance , x , In. 

Figure 2.- Mach number dlstribxrbion for settling-chaniber pressure of 

196 Ib/sq in, gage. 
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Figure 3 .- Variation of stagnation temperature with tijne for settllng- 
clisBiber pressure of I96 Ib/sq. in» gage. 
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Figure 4,- Variation of wall tea^rature ^ 

pressure of I96 Ib/sq 








Distance, x , In. 


Figure 5 * 


Variation of wall temperature with longitudinal distance for 
settling-chamber pressure of I96 Ib/sq, in. gage. 










Reynolds number, R 


Figure 7 -- Variabion of local Nusselt number wltb. local Reynolds nujnber 
for adjusted locations of x = 0, Viscosity and Prandtl nuniber deter- 
mined for wall temperatures . 
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